Fluorescence light microscopy (FLM) is commonly used for localizing specific cellular and subcellular targets. Electron microscopy (EM), on the other hand, can reveal ultrastructural details of cellular architectures beyond the limit of optical resolution. Correlative light and electron microscopy (CLEM) that combines the two techniques has proven valuable in various cell biological applications that require both specificity and resolution. Here, we report an efficient and easy-to-use CLEM system, and its applications in studying neuronal synapses. The system utilizes patterned symbols to encode coordinates on micro-fabricated polydimethylsiloxane (PDMS) substrates, on which dissociated primary hippocampal neurons grow and form synaptic connections. After imaging and localizing specifically labeled synapses with FLM, samples are embedded in resin blocks and sectioned for EM analysis. The patterned symbols on PDMS substrates provide coordinate information, allowing efficient co-registration between FLM and EM images with high precision. A custom-developed software package achieves automated EM image collection, FLM/EM alignment, and EM navigation. With this CLEM system, we have obtained high quality electron tomograms of fluorescently labeled synapses along dendrites of hippocampal neurons and analyzed docking statistics of synaptic vesicles (SVs) in different subtypes of excitatory synapses. This technique provides an efficient approach to combine functional studies with ultrastructural analysis of heterogeneous neuronal synapses, as well as other subcellular structures in general. 3840 | Lab Chip, 2018, 18, 3840-3848 This journal is
Introduction
Electron microscopy (EM), especially electron tomography (ET), resolves 3D details of cellular architectures at nanometer resolution. [1] [2] [3] [4] Although immuno-EM has been used to label certain proteins in biological samples with high resolution, it still suffers from relatively low labeling density and poor ultrastructure preservation. 5, 6 On the other hand, the use of light microscopy (LM) to image fluorescently labeled molecules has revealed significant information regarding the organization and function of subcellular structures. [7] [8] [9] However, direct observation of ultrastructures is still limited by the res-olution of light microscopy. To combine the advantages of LM and EM techniques, correlative light and electron microscopy (CLEM) has been developed. [10] [11] [12] As CLEM is a combination of two imaging modalities, a series of correlative methods have been developed based on varieties of LM and EM techniques, respectively, [13] [14] [15] [16] and also based on different probes to correlate LM and EM images. [17] [18] [19] By such correlative methods, specific cellular features or components localized by fluorescence light microscopy (FLM) can then be examined by EM to achieve high resolution details in the same biological sample.
For complex cellular structures, however, such as processes and synapses of neuronal cells which form extensive networks in culture, it remains a challenge to efficiently and accurately target fluorescence in certain areas in EM with existing CLEM methods. Although commercial photoetched glass gridded coverslips for FLM/EM correlation have been applied in mammalian cell lines or yeast cells, 20, 21 this kind of method would have low efficiency for long stretching neuropils and tiny synapses in cultured neurons inside each square of the coverslip. Custom micro-patterning substrates were reported to be adopted for correlative confocal microscopy and scanning electron microscopy (SEM) in the cultured neuronal system. 22 However, the patterns themselves do not encode the coordinates, while the laser-cut alphabets on the substrates do. In addition, SEM could only provide surface information of samples. Another limitation of current CLEM methods concerns available software. Although several software solutions to CLEM workflows have been developed, 19, 23, 24 a software package that includes all aspects of the CLEM procedure in EM is still requisite.
To overcome these limitations, we developed a system of correlative light and electron microscopy. Our CLEM system is based on custom-designed coded micro-patterning PDMS substrates, on which dissociated primary hippocampal neurons grow and form synaptic connections. A CLEM software package has also been developed to achieve automated EM image collection, FLM/EM alignment, and EM navigation. With this CLEM system, including both hardware and software, we have obtained high quality electron tomograms of excitatory synapses along dendrites of hippocampal neurons and analyzed docking statistics of synaptic vesicles (SVs) in different subtypes of excitatory synapses.
Materials and methods
All animal experiments were approved and conducted according to protocols approved by the Animal Experiments Committee at the University of Science and Technology of China. All animal procedures were performed following the guidelines of the Animal Experiment Committee at the University of Science and Technology of China. Low density cultures of dissociated embryonic rat hippocampal neurons were prepared according to a previously described protocol 26 with few modifications.
PDMS substrate fabrication and coded micro-patterning design
The patterned PDMS substrate was fabricated by conventional soft lithography according to a previously described protocol 25 with some modifications (Fig. 1a ). SU-8 3005 photoresist (MicroChem) was spin-coated on a cleaned Si wafer. The coated wafer was baked on a hot plate at a temperature of 95°C for 2 min. The SU-8 3005 photoresist was exposed to UV light under a photomask containing designed patterns. After UV exposure, the coated wafer was again baked on a hot plate at a temperature of 95°C for 2 min. The exposed SU-8 photoresist was developed by a SU-8 developer, and the SU-8 mold on the Si wafer was completed. The mixture of the PDMS pre-polymer and curing agent (10 : 1 (w/w), Dow Corning Corp.) was poured on the SU-8 mold and cured on a hot plate at 80°C for 40 min. After curing, the patterned PDMS was removed from the SU-8 mold.
The entire photomask consisted of 24 repeated elements ( Fig. S1 †) . Each element represented one piece of PDMS substrate used for neuron culture, which is shown in Fig. 2a . The PDMS substrate comprises a two-tier hierarchical coordinate system. The first-tier hierarchical coordinates were letters and digits along the left and top side of the substrate. These letters and digits encoded the coordinates of the squares ( Fig. 2a and b ). In this way, the patterned PDMS substrate constituted 10 × 10 identical squares from A1 to J10. The secondary-tier hierarchical coordinates were patterned geometrical symbols, including circles and triangles, within each square. A square was divided into 36 symbol sets, each of which consisted of 3 × 3 symbols ( Fig. 2c and d ). The set coordinate was defined according to the combination of symbols inside the symbol set: a triangle occupied the center site of the 3 × 3 set of geometrical symbols. And the remaining eight sites were one reversed triangle and seven circles, or two reversed triangles and six circles. Thus, there were exactly ( 8 1 ) + ( 8 2 ) different sets from set 1 to set 36. These patterncoded coordinates would allow rapid addressing in both the LM image and EM image ( Fig. 2e-h) , and further led to efficient LM/EM correlation.
Primary culture of hippocampal neurons and lentivirus infection
Low density cultures of dissociated embryonic rat hippocampal neurons were prepared according to a previously described protocol 26 with few modifications. Patterned PDMS substrates for cell culture were glow-discharged with H 2 and O 2 for 1 min by a Gatan plasma cleaning machine (Gatan, Inc.), and sterilized with UV light for 30 min. These PDMS substrates were coated with 1 mg ml −1 poly-L-lysine (Sigma) in sodium borate buffer for approximately 24 h, followed by washing with ddH 2 O for approximately another 24 h. Hippo-campi were removed from embryonic day-18 (E18) rats and were treated with trypsin for 15 min at 37°C, followed by washing and gentle trituration. The dissociated cells were plated on poly-L-lysine coated patterned PDMS substrates attached on the bottom of 35 mm Petri dishes with a density of 40 000-60 000 cells per ml.
The PSD95-EGFP construct was produced based on GW-PSD95-EGFP (a generous gift from Dr. Weidong Yao) and plentivirus-CaMKIIp-mKate2. Plasmids were packaged into lentivirus following a protocol from the laboratory of Dr. Karl Deisseroth. 27 For fluorescence light microscopy imaging, cultures were infected by lentivirus encoding PSD95-EGFP for 5-7 d in vitro (DIV). Twelve hours after the infection, half of the culture medium was replaced by fresh medium as previously described. 28 
Fluorescence light microscopy imaging
Cultures were used for FLM imaging at 16-18DIV. LM Imaging was performed with a 20× water objective lens in a Zeiss 710 microscope ( Fig. 1b) . After replacing the culture medium with extracellular solution (ECS, containing 150 mM NaCl, 3 mM KCl, 3 mM CaCl 2 ·2H 2 O, 10 mM HEPES and 5 mM glucose, pH 7.3), the dish was placed in the microscope. One bright field image and z-stack fluorescence images of the neurons were collected for one square of the PDMS substrate. The fluorescence image used for CLEM would be a z-projection image of the z-stack images. The cultured neurons were immediately fixed with 4% paraformaldehyde (PFA, SPI supplies) and 2.5% glutaraldehyde (GA, Alfa Aesar) in 0.1 M cacodylate buffer/HCl (Ted Pella) after fluorescence light microscopy imaging. 
EM sample preparation
Samples were fixed in a refrigerator overnight at 4°C. Fixative solution was discarded and neurons were stained with 1% OsO 4 (Ted Pella) and 1.5% potassium ferrocyanide (Sigma-Aldrich) in 0.1 M cacodylate/HCl buffer for 40 min after three washes with 0.1 M cacodylate/HCl buffer. The samples were post-fixed with 1% OsO 4 in 0.1 M cacodylate/HCl buffer for 40 min followed by three washes with 0.1 M cacodylate/HCl buffer. The samples were then stained with 2% uranyl acetate (SPI supplies) in water for 1 h. After staining, samples were dehydrated in a graded series of ethanol and infiltrated by Spi-Pon 812 resin (SPI supplies). A Spi-Pon 812 resin-filled tube was placed on top of the PDMS substrate before the resin was polymerized in an oven at 60°C for 48 h. The PDMS was peeled off from the resin block after resin polymerization. Neurons were left in the resin, and patterns of the PDMS were also transferred to the resin block ( Fig. 1b and 2g and h). The resin block surface was trimmed using a razor blade so that only one square imaged by FLM was at the apex of the resin block. 200 nm sections were acquired in an ultramicrotome (Leica EM UC7). All of the serial sections containing patterns and neuropils were collected on EM grids. The sections were contrasted with uranyl acetate and lead citrate (Alfa Aesar) prior to EM imaging.
Correlative EM imaging by the custom-developed software package
A software package was developed to acquire EM images and perform LM/EM correlation automatically ( Fig. S2 †) . By this CLEM software, automatic EM image collection, EM image montaging, FLM/EM alignment, and EM navigation could be achieved. The CLEM software, which allowed us to work with correlative EM imaging in the graphical user interface ( Fig.  S3 †) , consisted of an image capture program and a mosaic program. The image capture program was running on the computer which controlled the EM. It could record the current position of the EM stage, move the EM stage to the specified position and save the EM image. With these basic operations on the EM, the function of collecting the tile images, which covered the region of interest automatically, was also incorporated in the program. The mosaic program was running on another computer and communicated with the image capture program using the TCP/IP protocol. The tile EM images were transferred from the image capture program to the mosaic program to be montaged. And the LM image was aligned with the montaged EM image in the mosaic program. Then the positions of the corresponding points in the montaged EM image and the EM stage were recorded to establish the mapping function between the pixel coordinates of the montaged EM image and the physical coordinates of the EM stage. With the calculated mapping function, the user could use the mosaic program to move the EM stage by specifying the point in the spliced EM image. We provide the CLEM software which can be downloaded with detailed instructions for installation, configuration and usage. The following is the correlative EM imaging procedure achieved by our CLEM software.
Once the EM grid with sections was transferred into the transmission electron microscope (TEM), a series of images with overlap were acquired at relatively low magnification to cover the region of interest (ROI), which was defined by a rectangle using the start point and the end point. After the low magnification scanning, a navigation map was generated by montaging the acquired images using the CLEM software. The montaged EM image and the LM image were correlated by selecting the corresponding geometrical symbols that appeared in both images in the CLEM software. The current physical coordinates of the EM stage and its corresponding location in the EM image were recorded as a correspondence by the CLEM software during scanning. At least four correspondences were obtained at different positions during scanning. The transformation between the EM stage and the navigation map was calculated. Then, the physical coordinates of the EM stage and the pixel positions of the montaged navigation map were also correlated. With the correspondence between the LM image, the montaged EM image and the EM stage, the EM stage could be moved to the desired position of the LM image using the CLEM software. Fluorescent puncta were selected in the optical image in the software to move the EM stage to the actual position. Tilt series were taken after all of the fluorescent puncta of interest were selected.
Electron tomography imaging and reconstruction
Electron tomography data were obtained using a Tecnai F20 transmission electron microscope (Thermo Fisher) equipped with a 4 K × 4 K CCD camera (Eagle, Thermo Fisher). Tilt series were automatically collected with Thermo Fisher Xplore 3D software from −60°to +60°at 2°intervals. The defocus value was set at −15 μm. The final pixel size was 1.12 nm. Tilt series were aligned and reconstructed with IMOD. 29 The tilt series were aligned by a cross correlation algorithm without fiducial markers because of the high contrast of the heavy metal stained sample. Reconstruction was performed using the simultaneous iterative reconstruction (SIRT) technique with five iterations.
Results and discussion

Fluorescence imaging of cultured hippocampal neurons grown on patterned PDMS substrates and correlation with EM imaging
We attached our micro-patterning coded PDMS substrate to the bottom of the dish, planted the disassociated hippocampal neurons on the PDMS substrates, and transfected the neurons with lentivirus to express PSD95-EGFP for live cell fluorescence imaging. One example of a bright field and fluorescence image shows the typical morphology of the cultured hippocampal neurons on PDMS substrates (Fig. 3a-c) . Two cell bodies were localized in one square with extended axons and dendrites. Some neuropils made a loop in the square to appear as if they were trapped by the PDMS bars between squares. Meanwhile, some neuropils could grow over the square bars (arrows in Fig. 3a ), indicating that neurons in different squares might form connections. These neurons labeled by PSD95-EGFP showed green fluorescent puncta at the processes, indicative of excitatory synapses (arrows in Fig. 3d ). Moreover, the bright field image was taken to reveal the PDMS patterns by which we could perform the correlation procedure with EM images.
After FLM imaging, we prepared samples following the conventional TEM sample preparation protocols as described in Methods. After peeling off the PDMS from the resin block, the patterns were transferred onto the resin block along with the neurons. We cut samples into 200 nm sections, and loaded them into the electron microscope. Then, 3500× EM images with overlap ( Fig. 3e) were acquired to cover a hole of the 150 mesh EM grid automatically. We generated the navigation map (Fig. 3f ) by montaging the acquired images using the CLEM software. The montaged navigation map offered a larger field of view with acceptable resolution compared with just one low magnification image, and provided adequate localization information to establish the correlation between the EM image and the LM image. Therefore, both neuropils and designed patterns could be clearly observed in the montaged navigation map. And the boxed area (set 30) in Fig. 3f would allow quick registration of the same set of symbols in the LM image (Fig. 3d) . We correlated the montaged EM image and the LM image by selecting the corresponding symbols (circles in Fig. 3d and f) . By aligning selected symbols, the light image was warped to the EM image ( Fig. 3g) using non-linear transformation thin plate splines. 30 The accuracy of the correlation could be improved with more corresponding points involved.
Electron tomography of identified excitatory synapses through CLEM
Through the CLEM procedure, we acquired the electron tomograms of excitatory synapses identified by PSD95-EGFP labeling. When we selected the PSD95-EGFP punctum (box 1 in Fig. 4e ) in the optical image in the software, the EM stage moved to the actual position of the synapse in the EM section. In order to show the localization of the synapse clearly, it is also boxmarked in the contrast-adjusted image (Fig. 4c ) of the navigation map and overlaid image (Fig. 4f ) of the FLM/EM image.
After moving the EM stage to the selected synapse, we took a single projection image and a tilt-series. The single projection image at high magnification shows the typical ultrastructure of an excitatory synapse (Fig. 4g1 ). There was a population of SVs in the presynaptic compartment. The synaptic cleft, which was covered by an electron-dense area, was difficult to observe in the single projection image in this 200 nm section. In the 3D tomogram reconstructed based on the tilt series collected for the synapse (Fig. 4g2) , individual SVs were distinguishable. Electron-dense areas in both presynaptic and postsynaptic compartments were recognized as the active zone (AZ) and postsynaptic density (PSD), respectively. A relatively uniform synaptic cleft appeared between the preand postsynaptic membrane. These results demonstrate that the high resolution electron tomograms of the excitatory synapses enable us to conduct quantitative analysis of the synaptic ultrastructure. By this CLEM routine, we generated a data set containing 42 electron tomographic reconstructions of excitatory synapses. Among these synapses, in most cases, whether it was a spine or shaft synapse could be determined in a single projection image of one EM section. For example, the synapse in Fig. 4g1 was a typical spine synapse and the synapse in Fig.  S4 † was a typical shaft synapse as the synapse formed directly on the dendritic shaft, with microtubules readily visible in the postsynaptic compartment.
However, in some cases, a spine or shaft synapse was difficult to distinguish in the single projection image because the postsynaptic compartment was too dense to observe microtubules or the postsynaptic compartment was cut too small in a single EM ultrathin section. By our CLEM system, two excitatory synapses were detected in the same dendrite in the PSD95-EGFP labeled cultured neurons (boxes 2 and 3 in Fig. 4e ), and whether they were spine or shaft synapses was determined by information in multiple serial EM sections or by information in multiple tomographic slices of the 3D tomograms. For the synapse boxed in area 2 in Fig. 4e , the single projection image (Fig. 4h1 ) or the tomogram (Fig. 4h2 ) in one EM section only reveals a very small postsynaptic compartment, from which it is unable to determine whether or not it is a spine. We then performed the CLEM procedure on the neighboring EM section and localized the same synapse indicated by the same fluorescent punctum (Fig. S5 †) . Next, a high resolution single projection image and an electron tomogram of the synapse were acquired, which clearly contained a dendritic spine without microtubules as the postsynaptic compartment ( Fig. 4h3 and h4 ). Thus, according to the synaptic structure in the two serial sections, we verified the presence of a spine synapse. Regarding the synapse boxed in area 3 in Fig. 4e , although microtubules were not visible in the single projection image (Fig. 4i1) , the 3D reconstructed tomogram presented a typical presynaptic ultrastructure, including SVs and a synaptic cleft in one tomographic slice (Fig. 4i2) , and microtubules along the postsynaptic dendrite in another tomographic slice (Fig. 4i3) , showing that it was a shaft synapse. According to the above described process, the 42 excitatory synapses were subdivided into 27 spine synapses and 15 shaft synapses.
Quantitative analysis of docked SVs in identified excitatory spine and shaft synapses
High resolution electron tomograms allowed us to detect SV docking (Fig. 5) , a preceding step of SV fusion upon Ca 2+ stimulation. 31 SVs that were in direct physical contact with the presynaptic membrane in the AZ were considered to be docked (Fig. 5e ). In contrast, some SVs appeared linked to the presynaptic membrane by short filaments, and these SVs were termed tethered SVs (Fig. 5f ). In our analysis, these tethered SVs were not considered docked. Fused SVs (Fig. 5g) were excluded from the analysis, as well.
With structural differences between spine and shaft synapses in their postsynaptic compartments, the number of docked SVs might also differ in these two subtypes of synapses. Thus, we analyzed the number of docked vesicles in 27 excitatory spine synapses and 15 excitatory shaft synapses obtained by our CLEM system (Fig. 5h ). We noted that every synapse analyzed here was just a part of the intact synapse. More docked SVs were found in excitatory spine synapses (5.3 ± 0.7 (Mean ± SEM), n = 27 in excitatory spine synapses and 3.3 ± 0.7 (Mean ± SEM), n = 15 in excitatory shaft synapses; p < 0.05, two-sample t-test). This ultrastructural difference implies different sizes of the readily releasable pool between excitatory spine and shaft synapses.
Discussion
CLEM methods are applied as a powerful tool to connect ultrastructure information and functional study in cell biology. Combining multiple forms of LM and EM methods, a series of hybrid correlative approaches show great potential in neuroscience study. 12, 32 However, some limitations to resolve the ultrastructure of crowded synapses still remain. For example, the CLEM method, by preserving fluorescence in the resinembedded sample, which often requires reduced or no osmium tetroxide during sample preparation, leads to poor ultrastructure in EM. 33, 34 The CLEM method using anatomical landmarks, such as vessels or cell bodies, 35 which are randomly distributed, is incapable of providing efficient and accurate correlative probes for the neuronal culture system.
In this article, we describe an automated CLEM system based on the micro-patterning coded PDMS and a customdeveloped software package. With this hardware and software together, we utilize this CLEM system for the observation of excitatory synapses in cultured hippocampal neurons. PDMS is a suitable substrate for culturing mammalian cells, and possesses the characteristic of being able to be made into different shapes and sizes by the conventional soft lithography method. [36] [37] [38] Thus, this kind of PDMS substrate offers a series of advantages for CLEM in cultured neuronal networks. First, cultured neurons grow very well on PDMS substrates after proper treatment. Second, compared to the laser-etched gridded glass coverslip, PDMS is inexpensive, can be rapidly produced, and is very easy to separate from the EM resin block without other operations. Third, our micro-patterning PDMS substrate is coded by a two-tier hierarchical coordinate system, which provides high resolution information for the LM/EM correlation.
The CLEM software constitutes another major advantage of our system. The reported software solutions covered only parts of the CLEM procedure, while our software package offers a high integration level, including the functions of automatic scanning, navigation and LM/EM correlation, which greatly improves the efficiency of CLEM experiments. The image capture program was developed using AutoIt, 39 a BASIClike scripting language which can simulate keystrokes and mouse movement. This means that the acquiring software is not restricted by the API from electron microscope manufacturers and can be adopted by other microscopes easily, because it just fills in input boxes and clicks buttons in the control software of the electron microscope. We also provide the source code of the image capture program with the CLEM software so that the other laboratories could adjust the code to accord with their EM control GUI easily. Using the CLEM system, we have successfully obtained a batch of identified excitatory synaptic tomograms. Although the majority of excitatory synapses are spine synapses, excitatory terminals make synaptic contacts on dendritic shafts. 6, 40, 41 The hypothesis that shaft synapses represent immature excitatory synapses and eventually become spine synapses was proposed because of the downregulation of excitatory shaft synapses and the increase of excitatory spine synapses during development. 40, 42, 43 We analyze the number of docked SVs and find more docked SVs in excitatory spine synapses than those in excitatory shaft synapses. As the num-ber of docked vesicles is changing during synaptic maturation, 44 our result may imply that the two subtypes of excitatory synapses are in different developmental stages. By our CLEM system, we use PSD95-EGFP labeled FLM to exclude inhibitory synapses and high resolution 3D tomograms to detect docked vesicles specifically, confirming the power of our CLEM method.
In conclusion, our CLEM system, which is highly integrative, efficient and easy-to-use, provides an overall solution for ultrastructural studies guided by fluorescence imaging in a cultured neuronal system and other culture cell systems.
